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Brittle materials are extensively used in many civil and military applications involving high-strain-rate loadings such as: blasting or percussive drilling of rocks, ballistic impact against ceramic armour or transparent windshields, plastic explosives used to damage or destroy concrete structures, soft or hard impacts against concrete structures and so on. With all of these applications, brittle materials are subjected to intense loadings characterized by medium to extremely high strain rates (few tens to several tens of thousands per second) leading to extreme and/or specific damage modes such as multiple fragmentation, dynamic cracking, pore collapse, shearing, mode II fracturing and/or microplasticity mechanisms in the material. Additionally, brittle materials exhibit complex features such as a strong strain-rate sensitivity and confining pressure sensitivity that justify expending greater research efforts to understand these complex features. Currently, the most popular dynamic testing techniques used for this are based on the use of split Hopkinson pressure bar methodologies and/or plateimpact testing methods. However, these methods do have some critical limitations and drawbacks when used to investigate the behaviour of brittle materials at high loading rates. The present theme issue of Philosophical Transactions A provides an overview of the latest experimental methods and numerical tools that are currently being developed to investigate the behaviour of brittle materials at high loading rates.
This article is part of the themed issue 'Experimental testing and modelling of brittle materials at high strain rates'. 
Brittle materials: materials widely exposed to dynamic loadings
Brittle materials, such as ceramics, rocks, glass and concrete, are widely used in many civil and military applications involving dynamic loading, impulse loading, and shock or impact. In the introduction of the book Dynamic behaviour of materials [1] , it is worth noting that among the examples of 'applications where high-strain-rate phenomena are important' that are given to illustrate the need for investigating materials under dynamic loading, many concern brittle materials: 'explosive compaction of powders', 'explosive breakage' (blasting) of rocks, 'oil wall perforation' by shaped charges, 'seismological studies', 'ballistic impact' against ceramic armour or armoured windshields, concrete structures subjected to 'plastic explosive' or other explosives (ammonium nitrate, fuel-air explosives, etc.). In most of these applications, the brittle materials (ceramic, concrete, rock, glass, etc.) are subjected to an intense loading characterized by high or very high strain rates leading to extreme damage modes such as dynamic fragmentation, fracturing, pore collapse, shear and/or plasticity mechanisms and so on.
A first example is the use of ceramics (figure 1a) as front plates of armour configurations [6] . The extreme hardness and compressive strength of ceramics allow them to pulverize and stop armour-piercing projectiles of small and medium calibres [7] [8] [9] . In a few microseconds following the moment of impact a ceramic armour tile is subjected locally to very high compressive stresses leading to microplasticity mechanisms and micro-cracking [10, 11] , in addition to dynamic tensile stresses that spread throughout the entire ceramic tile leading to its fragmentation. Understanding the relationship between a ceramic material's microstructure and damage mechanisms under shock and high strain-rate loading constitutes a major issue associated with its performance [12] [13] [14] . Other examples are the blasting of limestone rock in open quarries for the production of aggregates and sand where controlling the block size distribution is an important objective (figure 1b) [2] or the working of rocks in the mining industry. The use of percussive drilling tools in civil engineering constitutes an application in which the understanding and numerical modelling of the damage processes is essential as shown in figure 1c [3, 15, 16] . The influence of pre-existing cracks on the dynamic tensile strength of granite at high strain rates also constitutes an important topic [17, 18] . Other examples are the vulnerability of concrete structures such as command communication and control (C 3 ) structures, nuclear power plants, office buildings and other critical structures when subjected to projectile impacts (figure 1e) or blast loadings such as contact detonations. In such cases, concrete is subjected to very high confinement stresses and/or dynamic tensile loadings [19] leading to critical damage modes such as pore collapse, shear fracturing, spalling and scabbing and multiple-fragmentation effects [5, 20] . A better understanding of the role of free water in the concrete [21] and concrete composition, aggregate size or fibre content constitutes an important goal in view of improving the performance of protective barriers subjected to impact loadings [22, 23] .
Finally, the diversity and variety of the applications considered require multiple individual studies for investigating the response of brittle materials subjected to high strain rates which include:
-The characterization of the dynamic behaviour and damage processes induced in brittle materials under high-strain-rate compression and tensile loadings, and constitutes an important requirement in the investigation of their performance when subjected to impacts and/or high rates of loading. -A better understanding of the relationship between the microstructural parameters of the brittle materials (flaw population, etc.) along with their associated damage modes and fracture properties at high strain rates is necessary. -Accurate analytical and computational modelling is required to describe the mechanical response of brittle materials subjected to complex loading paths (multi-axial compression/tensile loading, cycling, reloading of fragmented media, etc.) and high strain rates. Additionally, a validation of this modelling is also required through the use of specific and representative experiments. -The development of numerical methods that are able to simulate the growth of damage (fragmentation), specific erosion and the extensive deformation processes constitutes another major objective to be achieved in order to improve the efficiency of the protective solutions or industrial applications of concern.
Experimental techniques devoted to brittle materials
During the last two decades, a large number of testing techniques have been developed and applied to brittle materials. A classification can be proposed depending of the purpose that is being pursued as shown in figure 2. Experimental techniques are used to characterize the dynamic behaviour of brittle materials under uniaxial or multi-axial loading over a wide range of strain rates and confining pressure as shown in figure 2a. The split Hopkinson pressure bar (SHPB) apparatus is commonly used for this purpose. Such testing facilities have been widely used for dynamic compression, shear, torsion or tensile tests [25] [26] [27] [28] . Incident, reflected and transmitted pulses recorded on input and output using SHPB methods allow the determination of the stress and strain state in the material sample being tested based on the data processing proposed by Kolsky [29] . However, this processing method relies on the assumption that specimen being tested is always in a uniform state of axial stress requiring equality of input and output forces which implies a short round-trip time in the specimen in comparison with the loading time to failure. As consequence the strain rate is limited according to the following equation:
where L, C wave and ε failure denote, respectively, the length of the sample, the one-dimensional wave speed in the specimen (C wave = √ E/ρ, where E and ρ are the Young's modulus and density of the specimen, respectively) and the failure strain of the tested material. Considering classical values of L, C wave , ε failure for brittle materials and five wave round-trips in a concrete sample, the maximum strain rate cannot exceed approximately 1 s −1 to 10 s −1 depending on the specimen length. Above this threshold the specimen is clearly in an unbalanced state leading to possible misinterpretation of the experimental data. This difficulty is increased in heterogeneous materials as concrete which requires the testing of large samples. In addition, due to the high compressive strength of many brittle materials in comparison with their tensile strength, uniaxial compression tests can be difficult to interpret due to possible influences of friction, inertial effects in dynamic loading, and the possible influence of induced tensile stresses. With the dynamic spalling technique, the loaded sample is obviously in an unbalanced stress state as the specimen is loaded by means of a single bar of a SHPB system on the one end, whereas the other end corresponds to a free boundary condition. During the last decade this technique has been widely used to characterize the tensile strength of geomaterials [30] [31] [32] [33] [34] . Rey De Predraza et al. [35] propose the use of conical-shape projectiles to change the shape of the compression pulse applied to a concrete sample.
A new processing technique based on the virtual fields method (VFM) in combination with an ultra-high-speed camera to film a grid bonded onto the sample surface was proposed by Pierron & Forquin [36] to measure the stress level and apparent Young's modulus in a concrete sample during the test. The accuracy of these measurements can be investigated through the use of simulated experiments in which sequences of synthetically deformed images of a sample surface are generated and analysed using the previous VFM processing method [37] .
The plate-impact testing technique can be used to characterize the Hugoniot response of a material along with its shear strength under shock loading [38] . A thin disc (flyer plate) launched at a velocity of a few tens to several hundreds of metres per second hits a target made of the material to be characterized by generating a uniaxial strain loading in the sample. This technique was used by Zhang et al. [39] to characterize the shock responses of a fine-grained marble and a coarse-grained gabbro over a shock pressure range of approximately 1. [14] . (b) Edge-on impact test performed on SPS-L SiC ceramic and X-ray tomography post-mortem analysis. A three-dimensional segmentation of fragments provides the particle-size distribution of the sample [43] . manganin stress gauges are used for the measurements of longitudinal stress, whereas the free surface velocity of the target is captured by means of photon Doppler velocimetry.
An alternative to the plate-impact testing technique is the use of compact pulsed power generator testing facilities [40] . The principle of this technique is the following: a short and intense current (approx. 3.5 MA in 500 ns with GEPI device (CEA-Gramat)) is used to load an electrode by the Laplace effect. The electrode in contact with the concrete or ceramic sample plays a similar role to that of a flyer plate in a plate-impact experiment. However, the pressure loading corresponds to a ramp profile (shockless compression); therefore, the desired strain rate can be obtained in the tested sample (approx. 10 3 -10 6 s −1 according to LaLone & Gupta [41] and Zinszner [42] ). More recently, this testing facility was used to investigate the tensile strength of an alumina ceramic [13] , two SiC ceramics [14] (figure 3a) and an ultra-high-performance concrete [23] .
However, high-pulsed power technology techniques also suffer from several limitations due to the fact that these experiments are complex and costly. Moreover, these experiments are limited to small samples due to the fact that the applied magnetic pressure is inversely proportional to the square of the electrode's width (Laplace effect), and the rise time associated with each device is fixed and cannot be easily changed. In addition, due to strong electromagnetic perturbations, the use of electronic devices (pressure gauges in the samples, ultra-high-speed camera) can also be problematic. For this reason, several authors have explored the possibility of using plate-impact testing devices to perform isentropic compression experiments. This method has been used with functionally graded materials developed by Jarmakani et al. [44] . In this theme issue, another new concept of shockless plate-impact technique is explored based on the use of 'wavy machined' flyer plate or buffer plate that can be easily produced by chip forming [45] .
The edge-on impact (EOI) testing technique can be included in a category of techniques used to investigate damage processes in brittle materials under high loading rates as illustrated figure 2b . The EOI technique has been widely used to investigate the damage modes produced by impact loadings of ceramic materials [12, 46, 47] , ultra-high-strength concrete [48] and rocks [3, 15, 49] . An ultra-high-speed camera is used in the so-called open experimental configuration to observe the growth of damage at recording frequencies of approximately 1 Mfps (million frames per second). Otherwise, in the sarcophagus configuration, a casing that surrounds the impacted specimen can be used in order to keep all the fragments in place, so that the fracture pattern can be observed post test. This type of analysis was used in [43] , by scanning the samples with a micro-focus X-ray tomography machine as shown in figure 3b . Here, a threedimensional segmentation algorithm was applied to separate the specimen fragments in three dimensions allowing the determination of the particle-size distribution obtained. With the same purpose, X-ray phase contrast imaging was used to capture the fracture mechanisms in a reactive powder concrete (cor-tuf), a high strength concrete and Indiana limestone by putting a dynamic compressive loading apparatus into a high-speed synchrotron X-ray beamline [50] .
Modelling and numerical methods dedicated to brittle materials
Numerous specific models and numerical methods have been developed to describe and simulate the behaviour and damage processes of brittle materials subjected to high strain rates. A proposed classification of these approaches is presented in figure 4 . Constitutive models directly derived from experimental results can be individually distinguished as shown in figure 4a , the mesoscopic modelling calculations designed to improve the understanding of the role of heterogeneities are illustrated in figure 4b, micromechanics-based models developed to relate parameters at the microscopic scale to the mechanical behaviour of the material at the macroscopic scale are shown in figure 4c , and numerical methods such as the discrete-element method or XFEM are used to simulate numerically displacement and deformation discontinuities, and/or erosion processes after careful identification of the required numerical parameters as shown in figure 4d .
In this theme issue, a large set of models to be used for the modelling of brittle materials at high strain rates are presented. Among the constitutive models developed to numerically simulate the response of brittle materials are the modified version of the HJC model (MHJC) [54] inspired by the Holmquist-Johnson-Cook (HJC) model [55] which is applied to numerically simulate a drill bit drop test against Kuru granite rock [16] . Furthermore, an improved model is proposed for glass that represents both its interior and surface strength so that the numerical approach can be used to simulate single or multi hit situations for transparent windshields [56] .
The POREQST model [57] used for describing the equation of state of porous materials along with a piecewise pressure-dependent yield strength (Drucker-Prager model) was used to numerically simulate the cratering and tunnelling of projectile penetration into porous graphite subjected to hypervelocity impacts (1100-4500 m s −1 ) [58] .
Additional contributions are also presented in the field of modelling the dynamic behaviour of concrete. A one-dimensional multi-fibre beam element method was used in a simplified finiteelement approach to simulate dynamic and multi-cycle loadings applied to concrete at low, medium and high velocities [59] , which results in a strong reduction of computational resources. Additionally, the PRM (Pontiroli-Rouquand-Mazars) constitutive model can be used to simulate the behaviour of concrete subjected to severe loadings, uniaxial cyclic loadings or multi-axial loadings [60] . The PRM damage model is coupled to the plasticity model proposed by Krieg [61] and Swenson & Taylor [62] . In this theme issue, the PRM model is used to numerically simulate the penetration process of a rigid projectile striking an ultra-high-performance fibre reinforced concrete structure [23] . As an alternative, the lattice discrete particle model can be used to simulate the dynamic behaviour of concrete by postulating interaction laws of a system of discrete polyhedral cells belonging to coarse aggregate particles or to the cementitious matrix of the concrete [63] . This approach can provide a realistic representation of the fragmentation process occurring in concrete subjected to dynamic and impact loadings.
Based on experimental results and the post-test analysis of tested samples, micromechanicsbased models as shown in figure 4c have been [52, 53] .
the microscale to the macroscopic behaviour of brittle materials subjected to high strain rates in both tensile and confined compression loadings with the objective of improving the predictive capabilities of analytic and numerical models. Under confined compression loadings, damage mechanisms can develop due to mode II shear fracturing resulting from applied shear loadings. The brittle-ductile failure transition mode has been investigated by several authors [64] [65] [66] . With regard to dynamic tensile loadings, the concept of obscuration zones driven by the propagation of cracks at limited crack speeds was proposed in the Denoual-Forquin-Hild (DFH) model [67, 68] in order to describe the multiple-fragmentation process occurring in brittle materials at high strain rates (above a few thousands per second in ceramics [14] and above a few tens per second in geomaterials [17, [31] [32] [33] 69] ). Whereas a single crack will initiate at the weakest defect in the sample, and propagate through the sample when loaded quasi-statically or under low-strain-rate loadings, a large number of cracks will initiate and propagate from numerous defects at high-strain-rate loadings producing a multiple fragmentation of the sample. The interaction law between cracks that have already initiated and the other critical defects of the material that are prevented from initiating can be expressed through the concept of obscuration probability P o [67, 68] . For a single fragmentation or multiple fragmentations, the obscuration probability P o [68] is given by
where T is the current time, Z is the size of the loaded volume, t Z is the interacting time between the horizon volume and the loaded volume and Z o (T − t) is the obscured zone at time T due to a propagating crack initiated at time t. At low strain rates t Z tends to T and the obscuration probability P o tends to the failure probability given by a Weibull probability density function [70, 71] . At high strain rates, t Z is zero or small compared with T; therefore, the obscuration probability P o tends to the DFH damage evolution law [ Figure 5 . The DFH model's predictions in terms of dynamic tensile strength of brittle materials normalized by the quasi-static mean tensile strength as a function of the stress rate normalized by the transition stress rate. Below the transition stress rate the tensile strength is size-dependent and strain-rate insensitive. Above the transition stress rate the tensile strength is sizeindependent and strain-rate sensitive.
If a constant crack speed and obscuration zone growing in a self-similar way with a diameter proportional to the size of the crack are assumed, then the obscuration volume can be written as
where S is a shape parameter of the obscuration volume which is equal to 4π /3 when assuming spherical obscuration volumes in three dimensions (n = 3), k is a constant parameter and C wave is the one-dimensional wave speed. The density of critical flaws λ t is given in the form of a power law of the positive (tension) principal stress σ i when assuming a Weibull distribution of defects
where m and λ 0 (S 0 ) −m are the Weibull parameters. The DFH model enables the description of a probabilistic size-dependent and strain-rate insensitive tensile strength of brittle materials at low strain rate, whereas their behaviour becomes deterministic size-independent and strain-rate sensitive at high strain rates as illustrated in figure 5 . This model was applied in this theme issue to the fragmentation of SiC ceramic materials subjected to spalling [14] and EOI tests [43] .
Conclusion
Brittle materials are used in numerous applications involving dynamic, shock or impact loadings. Despite this, these materials still remain relatively under-researched compared with other materials such as metals or polymers. This situation can be explained by the significant difficulties encountered in testing these materials at high loading rates due to their brittleness, low failure strain, sensitivity to confinement, inertial effects and size scale effects. In addition, they exhibit complex and extreme failure and damage modes at the micro-and macroscale (multiple fragmentation, pore collapse, decohesion, mode II fracturing, microplasticity mechanism, etc.) that makes analytical or numerical modelling of them challenging. 
